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ABSTRACT 
This report describes the research activities during the first year of a 
projected two-year study of the planetary boundary layer (PBL) over a complex 
meso-region. The study is based on aircraft, pilot balloon and tethered balloon 
measurements made during the summer of 1975 over metropolitan St. Louis and 
the rural areas surrounding it. This meso-region includes a large urban-
industrial area, natural wooded terrain, and agricultural lands. 
A major fraction of the activities of the first year were devoted to data 
editing and development of analysis programs, as described in this report. The 
bulk of the report presents the analyses of two case studies of the turbulent 
structure of the PBL over the city and over an agricultural area. These analyses 
include both the mean structure, as derived from the pibal measurements, and 
the turbulent structure and vertical fluxes over the two locales, based on 
aircraft measurements. The source terms in the turbulent kinetic energy 
and heat flux balance equations were also evaluated. 
Additional exploratory analyses of the evolution of the PBL structure 
over urban and rural sites are discussed. These were based on the tethered 
and pilot balloon measurements. 
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I. INTRODUCTION 
This report summarizes the first phase of the analysis of data collected 
during the summer of 1975 in the planetary boundary layer (PBL) over 
metropolitan St. Louis and the surrounding rural areas. It is the final 
report under NSF Grant ATM 76-15879, which covered the first year of a 2-year 
proposed research study of the structure of the PBL over a meso-region which 
includes an urban-industrial area, natural wooded terrain and heavily 
cultivated lands. 
The overall objective of the project is to contribute to the understanding 
of boundary layer processes through the quantitative description of the PBL 
structure and identification and evaluation of the dominant mean and turbulent 
properties over surfaces having different physio-thermal characteristics. The 
two-year work plan included the following: 
1. Data reduction, editing, pre-analysis processing and massaging, 
including the development of computer programs for these tasks 
and for the analysis of the final data sets. 
2. Analysis over the whole region of (a) the mean (as opposed to 
perturbation) fields of temperature, moisture, and horizontal 
and vertical air velocity, (b) the derivative fields such as 
divergence, vorticity and moisture divergence, and (c) the 
spatial average over a few hundred meters of vertical fluxes 
and turbulence intensity, and the relationships of variations 
in these parameters to the physical and thermal properties of 
the underlying surface. 
3. Detailed analysis of the turbulent properties over two 
distinctively different surface types (urban-industrial and 
agricultural), including the quantitative estimation of 
(a) the magnitudes of the eddy fluxes of momentum, heat and 
moisture and their variations with height, (b) the intensity 
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and spectral distribution of the fluctuations in total air 
velocity and its three components, of temperature and humidity, 
and of the fluxes of momentum, heat and moisture, and (c) the 
size and symmetry of the turbulent eddies. 
4. Estimation of terms (specifically those related to turbulent 
processes) in the conservation equations for sensible heat 
and moisture and in the balance equations for turbulent kinetic 
energy and vertical temperature flux over urban and agricultural 
surfaces. 
5. Estimation of the exchange coefficients for heat, moisture and 
momentum and their variation with height, over urban and 
agricultural surfaces. 
A secondary task to re-express the above analyses for feedback to special 
simulations by an urban modeler under his own independent support was dropped 
from the work plan prior to award of this grant because the modeler was not 
funded to carry out the simulations. This task represented a minor part of 
the total proposed effort. 
Progress during the initial year covers all phases of the research but 
was centered on data processing and turbulence analyses. Plans for completion 
of the two-year work plan, which have been proposed to NSF, follow description 
of the research to date. 
This report is composed of seven sections. Section II presents background 
information and Section III describes the data base on which the research rests. 
Section IV contains a brief discussion of data processing tasks (item 1) and of 
some of the data problems which were encountered. Section V describes the 
turbulence analysis and preliminary results (items 3 and 4) based on case studies. 
Section VI deals with some exploratory studies addressing the mean properties 
of the PBL (item 2). Future plans are presented in Section VII. 
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II. BACKGROUND 
The planetary boundary layer (PBL) is a layer of transition, in which 
the influence of the earth's surface on the atmospheric structure decreases 
with height and larger scale processes characteristic of the free atmosphere 
have increasingly greater effect with height. As a consequence, the structure 
of the PBL is the product of complex interactions between the surface of the 
earth and the free atmosphere. 
The PBL is also the region through which major energy and momentum 
transfers between the earth's surface and the atmosphere take place. Thus, 
an understanding of the boundary layer is critical to an understanding of 
the atmosphere as a whole and is important to a host of problems ranging 
from development of meso-scale systems, to air quality on large and small 
scale, to the inadvertent modification of weather arising from conversion of 
surface areas from a natural state to an "artificial" one serving man. 
The complexity of PBL structure and of the processes which generate it, 
the variability of the boundary conditions, and most particularly the turbulent 
nature of the flow, all present difficulties in observing and in simulating the 
PBL. Significant advances have been made in development of observing systems 
over the past several years. Measurements of mean and turbulent components of 
wind, temperature and moisture and of vertical fluxes have been made at several 
levels in the boundary layer using aircraft, tethered balloons, tetroons and 
tall towers. Nevertheless, information about the bulk of the PBL over complex 
surfaces is still sparse. 
Similarly, great strides have been made in numerical simulation of the 
PBL over the past 10 years, progressing from the analytical one-dimensional 
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model to the more complete two- and three-dimensional now under development 
and to mesoscale models over complex surfaces, most notably urban surfaces. 
The lack of detailed observational data has been recognized as an important 
problem in the further development of realistic models (Lee et al., 1976). 
The impact of the urban surface on the PBL has been shown in alteration 
of wind and temperature over several cities (e.g., New York, by Bornstein, 
1968, 1977, and Hass et al., 1967; Oklahoma City, Angell et al., 1973; Columbus, 
Angell et al., 1971; Cincinnati, Clarke, 1969). Perturbations in moisture and 
temperature have been found in the PBL over St. Louis (Dirks, 1974; Braham, 
1974). Analyses of wind measurements from a pilot balloon network around 
St. Louis have indicated complex structures in mean wind under both stable 
nocturnal and midday convective conditions (Ackerman, 1972; 1974b). The mean 
flow was observed to be variable, but usually non-random, with greater spatial 
and temporal variability (within the spatial and temporal limitations of the 
data) over the rougher surfaces in the region, both natural and urban, than 
over the smoother agricultural areas (Ackerman, 1974c, d). Kinematic field 
analyses, moreover, indicate measurable mesoscale perturbations in the wind 
field over the St. Louis region usually resulting in "relative" convergence 
in the lowest 1 to 1.5 km over the rough urban surface, and associated vertical 
velocities at the top of the mixed layer of several tens of cm sec-1 (Ackerman, 
1974a; 1977b; 1978). 
Field experiments were carried out by the senior author during February 
and July of 1975 to further investigate the perturbations in the PBL over the 
complex meso-region of St. Louis. Chief emphasis was on measurement of the 
turbulent components of the air velocity and the turbulent fluxes as well as 
on high resolution wind and thermodynamic profiles. These experiments were 
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carried out in conjunction with both the METROMEX1 (Metropolitan Meteorological 
Experiment) and RAPS2 (Regional Air Pollution Study), and the subsequent 
analysis benefits from the availability of supplementary data from these two 
programs. 
1METROMEX was a multi-organizational effort to investigate the inadvertent 
modification of weather, particularly precipitation, by an urban area. 
2 RAPS was a program sponsored by the Environmental Protection Agency, to 
study the regional dispersion of urban air pollutants. 
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III. DATA BANK 
The primary data set used in this research was obtained by the senior 
author in the area around and in St. Louis during February and July of 1975. 
The field programs which generated the data set were designed so as to provide 
the measurements needed for basic research in boundary layer structure with 
the specific objectives of the research described herein. The field operations 
and equipment are briefly described below. More complete details and a 
description of the data collected may be found in Ackerman, 1977a. 
The key data set used in the research consists of the following: 
1. Extensive measurements of the mean and turbulent kinematic and 
thermal fields in the planetary boundary layer by an instrumented 
aircraft; 
2. Serial wind profiles in the lowest 2 km obtained simultaneously 
at up to 6 locations in the region by double-theodolite tracking 
of pilot balloons; 
3. Serial high resolution profiles of temperature and humidity to 
about 600 m obtained at two locations using tethered balloon 
systems. 
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The primary data set from aircraft, tethered balloon and double theodolite 
pibals was collected during 25 special field experiments, each of 3 to 5 hour 
duration. 
The three measurement systems were utilized as a unit during these 
experiments, with each component operated in a mode to best suit the experimental 
objective. The locations of the pilot balloon measurements and the sounding 
interval were varied, as were the aircraft tracks depending on the objectives 
of the particular experiment. However, the tethered balloon systems, which 
provided profile data at 40-min. intervals, required semi-permanent installation. 
Thus, these measurements were always made from two set locations, one in downtown 
St. Louis, the other in an agricultural area about 20 miles to the east and only 
the frequency and time of the soundings varied. 
The experiments were of four general types: 
1. Mapping missions (10 experiments): Objective: General description 
of the mean and turbulent structure of the PBL. A checkerboard-like 
flight pattern was used and the pibal units were deployed in a 
roughly uniform grid array, with serial releases at 20-min. intervals. 
2. Cross-section missions (3 experiments): Objective: Description of 
the mean and turbulent structure of the PBL in the vertical plane. 
A "cross" flight pattern, with legs parallel and perpendicular to 
the mean PBL wind direction was repeated at a minimum of three 
levels. Pibal units were deployed along the flight tracks, with 
serial ascents made at 20-min. intervals. 
3. Flux missions (6 experiments): Objective: Determination of the 
vertical variation in turbulent fluxes of heat, moisture and momentum 
and estimation of exchange coefficients over two surface types. 
"Cross" flight patterns, with legs 12 to 15 km long, one made over 
the St. Louis metropolitan area and a second over an agricultural 
area to the east. Serial soundings were made at 10-min. intervals 
by pilot balloon units located at or near the tethered balloon 
stations, both situated close to center of light legs. 
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4. Nocturnal and transition period missions (6 experiments): Objective: 
Study of local (thermal) circulations and stabilization (de-
stabilization) of the boundary layer. Flight patterns were either 
of type used in mapping or special "circuits" around areas having 
different surface characteristics. Pibal stations were located to 
delineate areas of uniform land use and serial soundings were made 
at 20-min. intervals. 
The aircraft was the NCAR Queenair N306-D which was instrumented with an 
inertial navigation system and boom-mounted gust probe for determination of 
the three components of the air velocity. In addition to standard (for 
atmospheric research) temperature and dew-point sensors, the instrumentation 
included a refractometer for determining high frequency fluctuations in 
humidity, a very fast response platinum-resistance thermometer, and a passive 
radiometer for measuring surface radiation temperature. All data were digitally 
recorded on magnetic tape at 16 times/sec, with special high speed recording 
(64 to 256 times per sec) of boom-mounted pitot pressure, fast response 
thermometer, and refractometer. The NCAR Research Aviation Facility provided 
smoothed meteorological and aircraft measurements recorded on tape at frequencies 
of 1 and 8 Hz as standard output and basic measurements in engineering units at 
recorded rate for the special high-rate data. 
The pibal-measurements were made by trained upper air observers provided 
by the Air Weather Service of the U. S. Air Force with additional orientation 
training relating to the special methods used in the program provided by the 
Illinois State Water Survey. Double theodolite techniques were used with 
baselines ranging from 400 to 800 m in length. Communication between the observers 
at each end of the baseline was by field phone. 
Gas amounts used in the balloons were measured to provide ascent rates 
of 2.7 tops. Although ascent rate is not needed for calculating winds, and in 
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fact is computed from the observations, deviations of the calculated rate 
from the theoretical rate permit quantitative estimation of vertical velocity. 
Angular readings to the balloons were made every 20-sec. and tape recorded for 
later transcription and use in calculating winds. 
The tethered balloon system was the NCAR boundary layer profiler (BLP) 
(Morris et al., 1975). The instrument package was suspended from a relatively 
small "blimp" shaped balloon and the whole system was raised and lowered using 
an electric winch. The instrument package included a sensitive aneroid 
barometer, dry and wet bulb thermometers (bead thermistors), sensitive cup 
anemometer for wind speed, a magnetic compass for wind direction (assuming 
the balloon is effectively a vane) and a 403 MHz transmitter. 
A number of other data sets collected concurrently in the area around 
St. Louis by two major research programs, METROMEX and RAPS, provide useful 
supplementary information. Available, on a more or less routine basis are: 
1. Radiosonde and single theodolite pibal measurements at four 
locations made by the RAPS field program. 
2. Radiosonde and single theodolite pibal measurements made at eleven 
locations by the Illinois State Water Survey as part of METROMEX. 
3. Vertical sounding of temperature and humidity in the mixed layer 
made by helicopter in the RAPS field effort. 
4. Routine meteorological measurements in the surface layer from the 
RAPS network of 10- and 30-m towers, and the METROMEX surface 
network operated by the Illinois State Water Survey. 
Locations of the stations in the various networks and the topographic and 
land use of area are shown in Fig. 1. 
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Figure 1. Station networks in 1975 and topography and land use in the meso-region. 
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IV. DATA PROCESSING AND PROGRAM DEVELOPMENT 
A major fraction of the effort in this first year of the analysis program 
has been in data processing and editing and in the development of analysis 
techniques and associated computer programs. These activities have covered 
all components of the data bank: those special to this program and those which 
were available from other sources. They are described below to indicate some 
of the detail involved in reaching a point where scientific interpretation can 
begin. 
A. Data Editing 
1. Aircraft Data 
The aircraft data has required considerably more editing and special handling 
than originally anticipated primarily because of problems in the processed 
measurements originally provided by the NCAR Research Aviation Facility. These 
problems stemmed mainly from: 1) bugs in the new (1976) NCAR aircraft data 
processor, 2) the huge backlog of aircraft data accumulated at NCAR during the 
development of the new processor, and 3) errors generated at the NCAR ground 
station during the conversion from aircraft to computer compatible tapes. 
During 1975, the NCAR RAF data management group undertook the major task 
of writing a new generalized processor for aircraft measurements. During the 
course of the program development very little data was processed, causing huge 
backlogs (including data collected during GATE) and long delays in receipt of 
processed data by the researchers. In our case, these delays ranged from over 
a year to a year and a half. As with any new computer program, a number of 
errors turned up in the early period of use. These came to light in our data 
as our analysis programs were tested on the data or analyzed data were interpreted. 
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An example of the repercussions of such program bugs is provided by an 
error in the computation of the latitudinal and longitudinal wind components, 
which was discovered in the course of debugging a program to calculate the 
convergence and vorticity around a closed circuit. Discussion with the NCAR 
data management group revealed that the error had been corrected during the 
course of processing our flights, so that these components were correct on 
some days and incorrect on others. This is being handled in the analysis 
software by the addition of special routines to programs in which these 
parameters are used. 
Another data problem, arising largely from the stress of processing the 
large backlog upon the NCAR staff was the accidental use of incorrect calibrations 
in converting from electronic to engineering units. Fortunately this was 
discovered fairly early and so relatively few flights had to be reprocessed 
for this cause. 
The aircraft recording systems used by NCAR RAF during 1975 generated 
magnetic tapes which had to be rewritten in a format compatible with the CDC 
computers after the observational program was over. When the aircraft tapes, 
obtained during the 1975 field programs, were rewritten, time "slippage" 
occurred a few times on each tape, sometimes resulting in the repitition of 
sections of observations, and sometimes the removal of part of the recorded 
data. This "slippage" is very serious for our study in which time series 
analysis is an important element. The problem was not detected until some 
unusual results from the spectral analysis for two flights prompted careful 
examination of the basic aircraft data. 
A review of the aircraft data for all 25 flights revealed that this 
slippage occurred on roughly three fourths of the flights. New computer 
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compatible tapes were generated for these flights and the data reprocessed. 
However, the reprocessed data also contained time slippage but at different 
times. Since it appeared that the problem stemmed from the nature and/or 
condition of the equipment, the data are being corrected in software, by 
doing the computer analysis in sections from the 2 sets of tapes, by adapting 
programs, or by merging tapes where necessary. These unfortunate occurrences 
substantially slowed our progress on all data analysis tasks and on development 
of the final data processing programs. 
All of these problems were resolvable but mean additional data handling. 
Moreover since they resulted in a number of 'false starts' on the analysis, 
they result in delay in progress. 
2. Pibal Data 
The methodology used in making the wind measurements by double theodolites 
and the reduction of the observations had been developed and refined during the 
first two years of METROMEX. Thus the basic reduction of these data (which was 
done under Grant R803682 from the U. S. EPA) presented few problems. Similarly 
the techniques for editing and correcting these data were well tested. 
Nevertheless the editing procedures are time consuming because, except 
for occasional large excursions from the wind profile, detection and correction 
of the errors are done manually. The editing of these data have been carried 
out case by case as it has been selected for study. The data from about a half-
dozen experiments have been edited. 
3. Tethered Balloon Data 
This component of the research facility was the most troublesome and 
most disappointing. Twenty-six percent of the scheduled soundings could not 
be made because of instrument malfunction. Of the 228 soundings that were 
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made, nearly 20% are unuseable for the same reason. The remaining soundings 
are, in general, of acceptable quality although the data contain some spurious 
values and because of the irregular rate of ascent of the balloon often show 
great unsteadiness. Several approaches have been used to try to develop 
computer techniques for editing and smoothing the data. The chief problem in 
developing computer editing has been in defining criteria which will separate 
errors from turbulent fluctuations. This has not been satisfactorily resolved 
and as a consequence, the editing is done subjectively as the data are used in 
case studies. Similarly the highly irregular spatial sampling (in the vertical) 
presents serious problems in developing filtering algorithms. Subjective 
smoothing has been used in the initial studies although computerized techniques 
are still being studied. 
B. Development of Analysis Programs 
The analysis programs which have been developed under this grant utilize 
the capabilities of the large computers available at the University of Illinois 
and at NCAR to the maximum extent. In instances where computer analysis is not 
practical, manual analyses techniques have been developed. 
1. Aircraft Data 
Aircraft tracks. Because a key element of the research is to determine 
if and how PBL structure and processes differ over different surfaces it is 
essential that the aircraft measurements be accurately located. Inherent 
errors in the inertial navigation system can result in errors in computed 
position large enough to be important in this research (Telford et al., 1977). 
For this reason continuous overlapping aerial photographs were taken of the 
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surface with a downward looking camera during all flights in 1975. Methodology 
has been developed for periodic (generally 1 minute) identification of true 
location from these photographs and for determination of correction factors 
to be applied to calculated aircraft position. The corrected position thus 
determined is generally within 0.2 or 0.3 km of the true position. 
Derived mean wind fields. A program has been developed for calculating 
divergence and vorticity over the area from the aircraft measured winds. 
Spectral distribution of variances of three components of wind velocity, 
temperature, moisture, and of the covariances of any two of the preceding 
variables. Routines have been written to enable the computation of the variance 
spectra for the aircraft data on the NCAR 7600 and on the University of 
Illinois IBM 360 and CDC Cyber. 
The program package written for the NCAR 7600 was built around the NCAR 
subroutine for computation of spectra. Many of the new routines centered 
around data handling, to permit the 1 Hz, 8 Hz and "fast" data from the Queen 
Air to be used in the calculations, and to permit tape output as well as 
optimal DD-80 outputs. The spectrum program was also modified to calculate 
variance density as a function of wave number rather than frequency. In 
addition some programs were written to do second level computation based on 
the computed spectra. 
Duplicate programs were written to carry out the spectral computations 
on the U of I computers also. The development of these was required for 
analysis of high rate data over an entire flight track made at constant altitude 
over uniform terrain. Memory on the CDC 7600 was not adequate for this to be 
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accomplished at NCAR. These programs also permit flexibility so that any 
system can be used in analyzing lower rate data. 
A program has also been written for non-integer spectral analysis 
(Schickedanz and Bowen, 1977) of the aircraft data. This program allows more 
precise identification of the important scales of the fluctuations. 
Turbulent fluxes. The NCAR program for computation of the turbulent 
fluxes was modified to accept the 1 and 8 Hz data from the Queenair. It was 
also modified internally to provide the specific results desired for this 
program (e.g., momentum fluxes for wind components parallel and normal to the 
mean wind for the period). New plot and print routines were also written to 
provide specialized output. 
Averages and variances. This program calculates the average and variance 
of any variable over specified flight intervals. Developed primarily for the 
study of the "mean" fields over the whole region, it has also been used on the 
data from the flux flights. Comparison of these results with similar calculations 
from the NCAR spectral program revealed an error in the latter. These arose 
from computation of variance for the time series after the series were tapered 
and the "zeroes" were added for the Fast Fourier Transform computation. 
2. Non-Aircraft Data 
Most of the programs needed for analysis of pibal, radiosonde, and BLP 
data were developed under other support. Under this grant a program was written 
for producing graphics of the processed BLP data on the CALCOMP ink plotter. 
Programs were also developed to read, list and plot profiles from the U. S. EPA 
tapes containing the RAPS radiosonde and pibal data, and to extract, average 
and store meteorological measurements from the RAPS tower data provided by 
the U. S. EPA. 
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V. TURBULENT STRUCTURE IN THE PBL: CASE STUDIES 
The idealized, horizontally homogeneous conditions so often assumed in 
theoretical and empirical studies of the PBL, do not exist around urban 
industrial centers. There, the PBL is substantially perturbed by the urban 
surface which is rougher, warmer, and usually dryer, than the surrounding 
rural surfaces. Various observational studies (e.g., Ackerman, 1977; Wong 
and Dirks, 1977; Kropfli, 1977) have shown meso-scale wind perturbations over 
St. Louis in which the urban area, through roughness and/or heating, induces 
low-level convergence, upward flow of air over the city, and divergence aloft. 
Low-level convergences of 10-4 see-1 and associated upward velocities of the 
order of 10 to 20 cm sec-1 are not unusual for summer days. At times the 
resulting circulation appears to take the form of torroidal or roll-vortex 
flow. 
Mean urban-rural temperature and mixing ratio differences are, respectively, 
of the order of 1°C and -0.5 g km-1 at the surface (Hilberg, 1978) and these 
differences frequently typify much of the mixed layer (Ackerman and Mansell, 
1978). These substantial urban-rural differences would be expected to induce 
differences in turbulent structure and energetics for urban and rural mixed 
layers. 
In this section, the turbulent structure of the urban and rural mixed 
layers on two afternoons (July 14 and 15, 1975) on which flux missions were 
carried out will be described. The flux computations for these days indicate 
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that transients on both the convective and mesoscale may affect the results 
to the extent that they may mask - or erroneously delineate - differences 
between urban and rural PBL structure. Thus it is necessary to study several 
cases, and develop a composite analysis before firm conclusions can be drawn. 
To this end the computer analysis of 4 additional flux missions was initiated 
and will be completed in a continuation of this work. 
The analysis of the two case days has focused on the vertical structure 
of the urban and rural PBL, as given by vertical profiles of the state parameters 
and of the vertical fluxes, where Q represents any one of several 
turbulently-transported parameter. As an aid to understanding PBL structure, 
it is instructive to evaluate the terms in the turbulent kinetic energy and 
vertical heat flux balance equations. This requires various assumptions, 
central among which are horizontal homogeneity and the assumption that vertical 
transport is due predominantly to eddy motions and not to large scale motions. 
In the light of the observations suggesting urban-induced torroidal or roll-vortex 
motions, there must be some reservations concerning this latter assumption (e.g., 
see LeMone, 1976, concerning the partitioning of energy between rolls and 
turbulence, and LeMone and Pennell, 1976). In the analyses presented here 
this problem is addressed through consideration of mean motions measured over 
urban and rural surfaces by aircraft and of analysis of mean wind fields based 
on pibal measurements. 
Evaluation of the turbulent flux parameters has been based on the terms 
in the balance equations which describe the distribution of sources and sinks 
of turbulent energy within the mixed layer. The balance equation for turbulent 
kinetic energy, e', (Lenschow, 1970) is: 
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(M) (B) (T) (P) (D) 
where is the Reynolds stress, the total air velocity (both vector 
quantities), w', T', and p' are the perturbation quantities of vertical velocity, 
temperature and pressure, respectively, and e is the rate of dissipation. 
The terms on the right hand side of the equation represent change due to 
mechanical (M), buoyant (B), transport (T), pressure perturbation (P), and eddy 
dissipation (D) processes. 
The mechanical production term is evaluated by: 
The buoyancy and transport terms (B and T) can be evaluated directly from the 
aircraft data, and the last term (D), is estimated from the Kolmogorov hypothesis 
applied to an appropriate portion of the velocity spectrum. The pressure 
perturbation term cannot be evaluated with currently available instrumentation 
and is thought to be small, although Wyngaard and Cote, (1971) point out that 
this term may be important. 
Vertical heat transport processes are delineated in the vertical heat flux 
balance equation: 
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where is potential temperature and the other variables are as in Eq. 1. 
The four terms on the right hand side are analogous to the first four terms of 
equation 1 and are so labeled. 
The terms in the above equations are evaluated using the perturbation 
quantities, u', v', w', and T', and from mean values of velocity and temperature 
calculated from aircraft measurements obtained on each flight leg. Values of 
the "residual" are calculated from the sum of all terms, except the pressure 
term, on the right hand sides of equations (1) and (3). 
The moisture transport has been treated less completely. Only the 
moisture flux, has been calculated thus far. 
A. Aircraft Operations and Data Processing 
The analyses have been based on the data collected during the flux missions 
on July 14 and 15, 1975. On each of these missions the airplane operated in the 
mid-afternoon, making a series of constant altitude legs, parallel and normal 
to the mean wind at three altitudes within the mixed layer over an urban and a 
rural location (Fig. 2). These tracks was repeated at least once at each site 
alternating between sites. Each flight leg was 4 to 7 minutes long, (18 - 30 km 
in distance). Tracks of these lengths are sufficient to resolve fairly large-scale 
mixed layer features, e.g., roll-vortices and large convective eddies, but are 
not long enough to adequately resolve large scale mean urban torroidal circulations 
with horizontal scale of about 20 km, such as proposed by Ackerman (1978). 
The aircraft made two series of legs over the city and two series over 
the country. The tracks followed the pattern illustrated in Fig. 2. At each 
location the airplane flew at three levels, approximately 450, 750, and 1200 m 
MSL, in both the along and across wind directions. On 14 July the flight times 
for each series were: 
Figure 2. Plane tracks on 14 and 15 July. 
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Urban 1, 1300-1354 CDT 
Rural 1, 1400-1440 CDT 
Urban 2, 1445-1535 CDT 
Rural 2, 1535-1617 CDT. 
On 15 July the flight began a little later in the day and the order of the 
vertical profiles was reversed, with the rural observations preceding the 
urban: 
Rural 1, 1326-1407 CDT 
Urban 1, 1413-1459 CDT 
Rural 2, 1503-1543 CDT 
Urban 2, 1548-1635 CDT. 
The aircraft data from the individual flight paths are passed through 
detrending and despiking routines, and then the mean values for all parameters 
are determined and removed. The average values of the perturbation quantities 
are calculated for the three velocity components (u', v', w'), potential 
temperature (0) and mixing ratio (p ), and for higher order products of these 
perturbation quantities, including squares and cross products. In addition, 
spectral and co-spectral analyses are carried out for these parameters. 
All basic calculations (mean values, fluxes, spectra, etc.) were performed 
for each of the flight legs separately. The terms in the balance equations 
were calculated both for the data from along and across wind flight legs 
separately, and also for measurements averaged for the along- and across-wind 
legs at each level. In the discussions which follow the derived values for the 
averaged data have generally been used. The computations based on data from 
individual flight legs were inspected and compared with the results from 
averaged data to check the validity of the conclusions. Although scatter 
was reduced through this averaging process, the general trends of the data 
were the same for averaged and unaveraged data. 
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B. Macroscale, Mesoscale, and Local Conditions 
1. Synoptic Data 
The general macroscale conditions were similar on both July 14 and 15 
although the first day tended to be more turbulent than the second. The 
St. Louis area was under the influence of a high pressure area, centered off 
the east coast, which extended to 500 mb (Fig. 3). The ridge extending WSW 
out of the center on the 14th shifted orientation to SSE on the 15th, resulting 
in a shift of the geostrophic flow at St. Louis from WSW to S. A weak upper 
level trough over Indiana on the 14th decreased and had essentially disappeared 
by late on the 15th. On both days St. Louis was in an area of generally weak 
westerly winds at 3 km. 
The thermal stratification on both afternoons was neutral up to at least 
1 km, and moisture was nearly constant in the PBL (Fig. 4). Both profiles 
indicate well mixed conditions. Stratocumuli and fair weather cumuli developed 
during both afternoons with cloud bases at about 1.2 to 1.3 km, well inside the 
haze layer. In addition, a broken layer of Cs moved into the region during the 
mid-afternoon of the 14th and the high cloudiness continued through the 15th. 
2. Pibal Network 
The objectively analyzed wind fields based on the ISWS pibal network 
indicate mesoscale perturbations in the wind field over the region during the 
periods of the flux missions on both 14 and 15 July. The disturbance is 
obvious in both wind direction and wind speed. 
On 14 July, during the earlier of the two series of aircraft tracks, 
(Rural 1 and Urban 1) both the city and the area to the immediate northeast 
were in divergent airflow at 450 m whereas to the north of the city and to 
Figure 3. Synoptic charts for 14 and 15 July. 
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Figure 4. Vertical profiles of temperature (+) and dewpoint (*) based on radiosondes 
from RAPS site 143 on 14 and 15 July. Lines labeled Yd, Ym, and qs are 
lines of constant potential temperature, equivalent potential temperature 
and saturation mixing ratio, respectively. 
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Figure 5. Streamlines and isotachs (mps) (on the left) and divergence fields 
(on the right) over the meso-region, at 3 altitudes close to the 
flight levels for the period 1230-1430 CDT on 14 July. Divergence 
contour intervals are 25 x 10-6 sec-1 at 450 and 750 m, MSL and 
50 x 10-6 sec-1 at 1150 m MSL. Aircraft tracks are shown in 
chart in lower right-hand corner. 
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Figure 6. Same as Figure 5, but for period 1430-1630 CDT on 14 July. Divergence 
contour intervals are 50 x 10-6 sec-1 at all levels. 
-28-
Figure 7. Same as Figure 5, but for period 1330-1530 CDT on 15 July. Divergence 
contour intervals are 50 x 10-6 sec-1 at 450 and 750 m and 25 x 10-6 
sec"1 at 1200 m. 
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Figure 8. Same as Figure 5, but for period 1500-1700 CDT on 15 July. Divergence 
contour intervals are 25 x 10-6 sec-1 at 450 m and 1200 m and 
50 x 10-6 sec-1 at 750 m. 
-30-
the far northeast the flow was convergent (Fig. 5). By 1150 m, the topmost 
flight level, the sign of the divergence had reversed, and both the urban area 
and the region to the immediate northeast were in converging flow. Thus over 
both the urban and rural areas, the lower two levels were flown in a divergent 
wind field (and mesoscale subsidence) whereas the uppermost measurements were 
made in compensating convergence. 
This pattern persisted and the divergence field was very similar during 
the second series of aircraft observations (Urban 2 and Rural 2) at the two 
lower level flight levels (Fig. 6). However, as had been found common in a 
previous study of the mesoscale wind field over St. Louis (Ackerman, 1978) the 
low-level pattern extended through a much greater depth later in the afternoon 
and, at the upper flight level, was similar to that in the two lower flight 
levels. Reversal of the pattern did not occur until about 1600 m. Again the 
flight tracks over city and country were made in divergent flow, but this time, 
at all levels. Because of a slight shift in the pattern, the aircraft 
observations occurred over the city occurred partially in convergent and 
partially in divergent flow. 
The kinematics of the mesoscale wind field was significantly different on 
15 July, despite the similarity in the macroscale conditions on the two days. 
The winds had shifted from WSW to S or SSW and the deformation in the streamlines 
was much less regular than it had been on the 14th. Most importantly the 
divergence field was significantly different. 
During the first of the two flight series (Urban 1 and Rural 1) the flow 
over the urban area was strongly convergent at the lowest flight level, decreasing 
in intensity with height, and at the topmost flight level (1200 m) the flow was 
divergent (Fig. 7). To the east of the city, the flow was weakly divergent at 
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450 m, intensifying slightly with height through 750 m. The pattern in the 
eastern half of the network did not start to change until above 1 km, where it 
apparently became more complicated, rather than less as one might expect. The 
Urban 1 observations at the lower two levels were obviously in an area of 
converging flow (and ascending air) on the mesoscale, whereas the uppermost 
measurements were made in compensating divergence. The rural series on the 
other hand was made in non-divergent or weakly divergent airflow at the lower 
two levels. The situation was much more complex at the upper levels and the 
tracks crossed a col in the divergence field. As a consequence the along-wind 
track was largely in divergent flow and the cross-wind track was largely in 
convergent flow. 
The divergence field was similar during the second series (Fig. 8), 
except that the divergence to the east of the city was stronger and deeper 
than it had been earlier, extending all the way to 1200 m. The convergence 
over the city, however, was weaker than it had been earlier, and was no 
deeper. Thus the flow was largely convergent at the lower two flight levels 
over the city, and was divergent at the uppermost level, whereas it was divergent 
at all levels over the country. 
3. Time Series 
Double theodolite wind measurements were made every 10 minutes between 
1300 and 1630 CDT at stations 70 and 79, located in the center of the two 
areas traversed by the airplane (Fig. 2). Soundings were scheduled at the 
tethered balloon sites from 1200 to 1700 CDT on both days. A complete series 
is available on 15 July but a variety of equipment failures resulted in 
missed profiles on 14 July. 
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The double theodolite pibal measurements indicate the high temporal 
variability in both the speed and direction of the horizontal wind (e.g., 
Fig. 9) which has been found to be common on convective afternoons (Ackerman, 
1974b, c). The variability in wind direction suggests that the cross-wind 
stress term may not be negligible, and indeed this was found to be the case 
from the aircraft measurements. The calculated cross-wind (lateral) momentum 
flux was usually smaller than the longitudinal flux, but of the same order. 
The profiler data indicate temporal variability in temperature and moisture 
also, although the 40-minute time resolution is too coarse to present an 
accurate picture of the true variability (see Section VI for further discussion). 
Nevertheless it appears that the temperature changed with time much more 
regularly over the country than over the urban area and that moisture was 
the more variable parameter of the two. 
4. Aircraft Measurements 
o 
In Table 1 are the average values of a number of aircraft measured or 
derived variables. The times indicated are the mean times for the two traverses 
used in the average. This time also coincides with the central time of the 
pattern, each of which took about 45 to 50 minutes. 
With allowance made for the diurnal temperature change associated with 
the time differential between observations, it is still evident from Table 1 
that the temperature was warmer over the urban area than over the rural area. 
Although the radiation temperatures of the ground of the two areas (assuming 
black-body emissivity for all surfaces) differed by 8 or 9° on the 14th and 
around 5° on the 15th, the differences in air temperature at 300 m AGL were 
only about 1°C and 0.5°C on the two days. On both days the country ground 
temperature decreased between the two flight series while the urban ground 
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Figure 9. Time-height distributions of wind speed (mps) and wind direction (10 
degrees) at the city pibal station (station 79) on 15 July 1975. 
Measurements were at 10 min intervals. 
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Table 1. Average Winds, Temperature and Moisture 
Over Urban and Rural Surfaces. 
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temperature remained nearly constant. The air temperatures in the PBL on the 
other hand, tended to increase with time at both locations. The potential 
temperatures showed the same increase with time but were virtually constant 
with height (neutral stability) at both sites and at both times. 
There obviously was some moisture advection between the two days, since 
the vapor increased at both stations. The urban-rural differences in the 
average moisture content were less than 1 g/kg at all heights. 
The wind directions and speeds agree well with the pibal measurements. 
On July 14 there was some change in wind direction with height, but the shift 
appears to have been most pronounced between the upper two levels over the 
city on July 15, where a 20° shift occurred (see also Fig. 9). Significant 
changes in speed also occurred between the two upper levels with a significant 
increase on July 14 and significant decrease on July 15. Within the lowest 
1100 m, i.e., for the whole layer in which the measurements were made, the shear 
was a relatively constant 3 x 10-3 s-1 at both the urban and rural locations on 
14 July. On 15 July the shear strength increased slightly with height in both 
the urban and rural areas: the urban shear increasing from about 2 to 3 x 10-3 
and the rural from about 1.5 to 2.0 x 10-3 s-1 between 0.5 and 0.8 km AGL. 
The turbulence intensity tended to be larger over the urban area, more so 
on July 15 than July 14. Although it decreased with height on the first day, 
it was significantly larger at the top level than at the lower levels, on the 
second day. 
C. Case Study 14 July 1975 
1. Time Series 
Plots of u', v'. w', T', and p'v the perturbation values of the three 
components of wind, temperature, and mixing ratio, of the squares of the 
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perturbation quantities, and of the vertical fluxes are shown in Fig. 10 for * 
the cross-wind measurements during the second series of tracks over the urban 
area on 14 July. These series are representative of all vertical sections for * 
this day. Additional time series for 14 and 15 July are shown in the Appendix. 
On July 14, the time sequences indicate more intense small-scale turbulence 
at lower levels than at upper levels, and lack of systematic occurrence of large 
scale, evenly-spaced perturbations at the higher levels. They also indicate changes 
in the correlations between T', p'V, and w' with height. At low levels there 
appears to be only intermittent correlation between w' and T' or p'v over the 
city, but at higher levels T' and p'v become strongly negatively correlated and 
T' and w' less so, while w' and p'v become positively correlated. In many cases, 
although not always, there is a tendency for the temperature and moisture 
perturbations to be concentrated in the vicinity of vertical velocity 
perturbations. This appears to be much less often the case with horizontal 
wind perturbations. This can be seen in a comparison of the u'2, v'2, w'2, T'2, 
and plots. 
2. Turbulent Kinetic Energy 
Profiles of turbulent kinetic energy, and turbulent kinetic energy 
flux, are shown in Fig. 11 for urban and rural locations and both flight 
series. It can be seen that both and were considerably larger in the 
urban than the rural area. The turbulent kinetic energy was almost twice the 
rural and the urban turbulent kinetic energy flux was larger than the rural 
by about the same amount, particularly at lower levels. The urban increased 
with time at all heights, whereas the rural decreased with time. (The rural 
decrease could be due to the late hour of the second rural flight.) 
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Figure 10. Time sequence of perturbation quantities of the three wind components 
(u, v, w) temperature (T), and vapor density (pv) (top row), of the 
squares of the perturbation quantities (middle row), and of the vertical 
fluxes of temperature, vapor density, and easterly and northerly 
momentum (bottom row), at the three flight levels, for the second 
set of crosswind tracks over the urban area on 14 July, 1975. 
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For both the urban and rural locations there was a pronounced tendency 
for a decrease in with height for both flights. This decrease with height 
is consistent with the observations of Lenschow (1970), Pennell and LeMone (1974) 
and others who have observed the height derivative of to be negative above 
about 0.2 to 0.3 Zi (Zi is the depth of the mixed layer). This trend is also in 
agreement with the expectation of vertical flux convergence of e' in the boundary 
layer through the effects of turbulent mixing. 
3. Momentum Flux 
The horizontal wind profiles for both urban and rural locations in Fig. 12 
show that the east (u) component of wind was positive and slightly increasing 
with height, and the north (v) component was positive and roughly constant with 
height. Theory would indicate that, assuming no additional momentum flux input 
from above, both and should be negative at low levels, that 
should decrease in absolute value with height, and that due to the positive 
shear, the decrease of with height should be less in absolute value than 
and possibly be constant or increase in absolute value with height. The 
similarity of the wind profiles for the two times suggest that there 
should be little change in momentum flux with time. 
The profiles of the east and north components of vertical momentum flux, 
and respectively, (Fig. 13) suggest that these theoretical expectations 
are only partially fulfilled. As predicted, all momentum flux values were 
negative at low levels, and the values were roughly constant or tended to 
become more negative with height. The rural profiles indicate the expected 
decrease in absolute value of up to 0.9 km where it became positive. This 
positive excursion, the negative trend of the urban values, and the large 
scatter between the two profiles are in disagreement with theoretical expectation. 
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Figure 12. Profiles of the average east and north components for 14 July 
1975. Solid and dashed curves are for the earlier and later series 
of tracks, respectively (see text). 
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Figure 13. Profiles of the vertical easterly and northerly momentum fluxes for 
14 July 1975. Solid and dashed line are for early and later series of 
tracks, respectively. 
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A possible explanation may lie in (a) input of momentum from the thin cumulus 
clouds which were just above the uppermost flight level, and/or (b) variable 
and turbulent flow over urban, and rural areas, probably a feature of a larger 
turbulent scale. 
The pronounced difference between the two temporal profiles, and their in -
consistent shape, raises the question of the ability to adequately measure the 
horizontal momentum fluxes. However, in one of the cases on which analysis 
has just started, the momentum flux profiles were constant over a relatively 
long time suggesting that, at least on that particular day, sampling was adequate. 
Thus, day-to-day variation must be considered in drawing conclusions as to 
magnitudes and gradients of vertical fluxes. The relatively large variability 
in the momentum flux profiles for 14 July suggests that the mesoscale "circulation" 
for this day could have been characterized by fairly large scale turbulent eddies. 
The time series of pibal winds (Fig. 9) also suggest that such transients may 
have occurred. However, there is also evidence that a persistent kinematic 
structure was present on the mesoscale (Figs. 5, 6). Additional study of the 
findings from the various scales are planned to try to clarify the interaction 
and exchange of energy between them. 
There were some differences in the urban and rural momentum fluxes, in 
both magnitude and vertical gradient. On the average, the magnitudes of the 
fluxes were greater over the city than over the country. However the shape of 
the profile over the rural surface was more consistent (with time) than that 
over the urban surface. There seems to have been greater similarity in the 
shapes of the urban and rural profiles earlier in the day than there was later. 
The magnitudes of the momentum fluxes are, in general, much larger than values 
reported in the literature for smooth surfaces (e.g., Pennell and LeMone, 1974; 
Rayment and Caughey, 1976). 
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4. Temperature Flux 
The profiles of vertical temperature flux (Fig. 14) show smooth decreases 
with height. Over the urban area there was substantially greater positive 
heat flux at low levels. Moreover positive temperature flux extended to higher 
levels over the city than was the case at the rural location. However, values 
of flux at 1 km were comparable at both locations. Both urban and rural areas 
show increase in vertical temperature flux with time. 
5. Moisture Flux 
Moisture flux profiles are plotted in Fig. 15. The urban and rural 
moisture flux profiles have similar magnitude, and similar shape, for the 
earlier profiles. However, later in the afternoon, the vertical gradients of 
moisture flux are opposite at the two sites, with vertical moisture flux 
divergence in the city and convergence in the country. This difference reflects 
the decrease in moisture flux at 750 and 1100 m over the country between the 
two flight series, and the increase in moisture flux over the city at the upper 
level, possibly due to enhanced turbulence there. 
Deardorff (1974a, b) has pointed out that the combined effects of the 
surface moisture source and strong entrainment of dry air from above the mixed 
layer can result in increasing moisture flux with height within the mixed 
layer. Such a profile is seen in these data for the urban location at both 
times, and during the first profile for the rural location. The decrease in 
moisture flux at 1.1 km between the two rural profiles could be due to reduction 
in turbulence at that level at the later time. The urban vertical moisture 
flux could have been associated with low level moisture convergence of moisture. 
1The reader must bear in mind that the downward transport of dry air and the 
upward transport of moist air are equivalent as to the sign of the flux. 
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Figure 14. Profiles of the vertical temperature flux for 14 July 1975. Solid 
and dashed curves are for early and late series of tracks, respectively. 
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Figure 15. Profiles of vertical moisture flux for 14 July 1975. Solid and 
dashed curves are for early and late series of tracks, resp. 
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6. Eddy Scales: Cospectra 
The cospectra for the temperature, moisture and energy flux for the 
cross-wind tracks of the second profile over the city (shown in Fig. 10) are 
presented in Fig. 16. These clearly show preferred scales on which the vertical 
fluxes occurred. 
At the lowest level (~450 m) the major contribution to the positive heat 
flux was in wavelengths of less than 2.5 km, with peak contributions around 
1700 m and 750 m. Some positive heat flux occurred in the low frequencies also. 
A "gap" in heat flux in sizes from 3 to 6 km at 450 m is, at 750 m, a regime of 
significant negative heat flux, with peak contribution at about 4 km. Positive 
heat flux at 750 m was primarily in the wavelengths less than 2.5 km, as it had 
been at the lower altitude, although the dominant peak shifted slightly to higher 
frequency. There was virtually no positive heat flux at the upper level in any 
frequency (in agreement with Fig. 13) and the negative heat flux was in the low 
frequencies (large scales). 
In agreement with Figs. 10 and 15, there was no indication of negative 
moisture flux at any of the three altitudes. Most of the moisture flux was 
concentrated in a fairly narrow band of frequencies — from about 2 x 10-2 to 
about 6 x 10-2 Hz (1.2 to 4 km) at both the lowest and middle flight levels. 
Peak contribution to the flux was from scales of sizes of the order of around 
2 km, not much different than the dominant scale for temperature flux. At the 
uppermost level, the moisture flux was all in low frequency (large scale) motions, 
as had been the case for temperature at this level. 
Unlike the two thermodynamic parameters, there was negligible contribution 
to the kinetic energy flux in wavelengths less than 2 km at any of the altitudes 
probed. Except at 700 m, virtually all of the flux was in wavelengths greater 
than 4 km. 
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Figure 16. Cospectra of temperature and vertical velocity (top row), 
vapor density and vertical velocity (middle row), and turbulent kinetic 
energy and vertical velocity (bottom row), at the three flight 
altitudes, for the data plotted in Figure 10. 
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There is an indication that, at least for heat and moisture flux, the 
700 m level was the start of a region of transition from processes in which 
the high frequencies were important contributors to the flux, to processes 
in which the long waves dominated. This is indicated by the increase in the 
contributions to positive moisture flux, and the decrease in positive heat 
flux at the very low wave lengths at 790 m when compared to the 490 m level. 
7. The Balance Equation 
The profiles of turbulent kinetic energy balance equation terms (Eq. 1) 
are presented in Fig. 17. Inspection of the individual profiles shows that 
the buoyant term, B, was large near the surface, decreased with height and 
became negative above some level around the middle of the first kilometer. 
Although this trend occurred over city and country, B is considerably larger in 
the urban area than in the rural, particularly in the lowest layers, and remains 
positive to a higher level. 
The mechanical term, M, is variable, with the urban being larger than the 
rural, roughly 12 versus 7 cm3s-2 for the levels measured. These values are 
somewhat larger than reported in the literature (e.g., Pennell and LeMone, 1974; 
Lenschow, 1970). However most of these earlier reports were for water surfaces 
and the urban and rural surfaces over which our data were collected are, of 
course, considerably rougher. (The horizontal momentum fluxes were also 
considerably larger than reported in the cited studies.) In addition, on 
14 July, M increased with height, in disagreement with both theory and other 
reports. This positive vertical gradient corresponds to the lack of a consistent 
decrease of momentum flux with height, which was noted previously. 
The transport term, T, shows considerable scatter, and while the values 
of T are within the expected range (typically 0 - 5 cm3s-2), changes in T 
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Figure 17. Profiles of the source terms in the turbulent kinetic energy 
balance equation for 14 July 1975. Buoyancy (B), mechanical (M), 
transport (T), and dissipation (D), terms are shown, as well as 
the residual (R), (i.e., the sum of the other terms). See Equation 
(1) in text. 
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with height must be regarded as questionable. Although theory suggests that 
T should decrease with height, too little of the mixed layer is measured to 
adequately evaluate the second derivative of a triple product. Urban and 
rural values of T were comparable except late in the day when T was negative 
in the lowest layer over the city. 
Values of the eddy dissipation term, D, were estimated from air motion 
spectra using the Kolmogorov hypothesis. As was expected energy dissipation 
decreased with height, and there was rough correspondence of D to energy input. 
In all cases the value of the residual R = B + T + M - D was small, but non-zero 
(+/- 5 cm 3s - 2). 
In summary, of the production terms in the balance equation for turbulent 
kinetic energy, only the buoyant term showed systematic urban-rural differences; 
the other production terms were similar for both areas. Thus, the results of 
the analysis suggest that buoyancy forces were primarily responsible for the 
difference in turbulent kinetic energy in urban and rural mixed layers shown 
in Fig. 9. 
8. Vertical Heat Flux Balance Equation 
The terms in the vertical heat flux balance equation (3) are shown in 
Fig. 18. As was true in the turbulent kinetic energy balance equation, the 
buoyant term was the dominant source of vertical heat flux. The mechanical 
term, M, made a limited contribution in a few instances, but the transport 
term, T, contributed nothing to the vertical heat flux. The residual, 
S = B + M + T, was positive in all four data sets, with gross production, S, 
being larger over the urban area than the rural area. The persistent positive 
values of S indicate that, assuming the pressure perturbation term to be zero, 
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Figure 18. Profiles of the terms in the balance equation for heat flux for 
July 14. Buoyancy, B; transport, T; 'mechanical', M; terms are 
shown, as well as the sum (S) of the three. See Equation (3) 
in text. 
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the vertical heat flux should have increased between the first and second 
profiles for both urban and rural cases, with the urban increasing more 
than the rural. Reference to Fig. 13, shows this is not the case: only the 
urban values at mid levels increased substantially, but, the increase 
was much smaller than S would predict. This result suggests either that large 
or mesoscale transport is redistributing the vertical heat flux, or that the 
uncertainty in the calculation of production rate is of the same order as S 
(about .06 - .1 deg/cm s - 2 ) . 
D. Case Study, 15 July 1975 
The analysis of 15 July paralleled that of 14 July. Although there were 
some differences between the two days on the mesoscale, as discussed above in 
Section VB2, there was considerable similarity between the results of the 
aircraft analysis. 
1. Time Series 
Figure 19 presents time series plots of the perturbation wind components, 
temperature and water vapor density for the cross-wind track over the country 
early in the afternoon. These data show relationships between the perturbations 
similar to those seen on 14 July. The traces of T', p'v, and w' appear to be 
mostly positively correlated at the lower level. At the upper levels negative 
correlation between the parameters, particularly temperature and vertical 
velocity, became more common. The plots of the squares of the perturbation 
quantities suggest that variability in temperature and moisture occurred 
intermittently with relatively quiet periods in between. 
The time sequences of the fluxes and of the squared perturbations indicate 
that at the upper levels, the turbulence and turbulent flux was greater over one 
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Figure 19. Same as Figure 10 except for the first set of crosswind tracks over 
the country on 15 July 1975. 
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part (the eastern sector) of the track than the remainder. (Tracks had ESE-WNW 
orientation but headings were reversed so that, at the lowest and highest 
altitudes, the airplane flew from ESE to WNW, and at the middle level it flew 
from WNW to ESE). 
2. Turbulent Kinetic Energy 
Profiles of turbulent kinetic energy, e', and turublent kinetic energy 
flux, are shown in Fig. 20. This day appeared to be considerably less 
turbulent than the previous day — e' was 30% lower. As on the previous day, 
e' was higher over the urban area than over the rural, particularly early in 
the afternoon. At the time of the second urban series, the urban e' had 
decreased, possibly due to advection or more likely to the lateness of the 
hour (around 1600 CDT). 
There was a greater positive flux of turbulent kinetic energy 
over the city than over the country. Both locations experienced a decrease 
in with time, similar to the temporal trend observed 14 July. There 
also was a tendency for the flux to be greatest at the middle level. 
3. Momentum Flux 
The momentum flux profiles (Fig. 21) generally reflect the expectations 
based on the wind profiles (Fig. 22), as was pointed out in the discussion 
for 14 July. However there were exceptions. For instance, the positive 
and values at the uppermost level of the second rural sounding and the 
positive values at the middle level for both urban profiles. A possible 
explanation for the former may lie in the turbulence associated with small 
cumuli which were just above the upper flight level. The positive values 
at mid-level over the city are consistent with the increase in the v component 
of wind with height in the urban wind profiles. 
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Figure 20. Same as Figure 11, except for 15 July. 
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Figure 21. Same as Figure 13, except for 15 July. 
-57-
Figure 22. Same as Figure 12, except for 15 July. 
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As was the case on 14 July, the momentum flux over the city was larger 
than over the rural site although there was considerable scatter in the values 
for individual flight tracks. The data from 15 July support the conclusion of 
the previous day that urban friction was substantially increasing the momentum 
flux. As before, the variable nature of the momentum flux profiles, between 
along- and across-wind legs, and between temporal profiles suggests turbulent 
circulations superimposed on the more steady mesoscale kinematic pattern seen 
in Figs. 7 and 8. 
4. Temperature Flux 
The profiles of temperature flux in Fig. 23 show a smooth decrease 
with height. The value of was larger over the urban surface than over the 
rural at the lowest level (0.3 km), but urban and rural values were comparable 
higher up. The trend and magnitude of the temperature flux was very similar 
to those of the previous day. 
5. Moisture Vapor Flux 
The vertical profiles of moisture flux (Fig. 24) were considerably different 
from those of 14 July. On 15 July there appears to have been greater moisture 
flux at the lowest level than on the previous day, and decreased moisture flux 
with height. The rural moisture flux was routinely larger than the urban. A 
possible explanation for the difference between the flux profiles for the 
two days is the decreased turbulent intensities on 15 July which, if this is 
the case,apparently affect the moisture and momentum fluxes more than temperature 
flux. 
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Figure 23. Same as Figure 14, except for 15 July. 
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Figure 24. Same as Figure 15, except for 15 July. 
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6. Eddy Sizes: Cospectra 
The cospectra of w' with T' , p'v, and e' (spectra for the vertical fluxes 
of temperature, moisture and turbulent kinetic energy) for the measurements 
plotted in Fig. 19 are shown in Fig. 25. Clearly there are many similarities 
between these cospectra for rural observations on 15 July, and the cospectra for 
the urban observations on 14 July shown in Fig. 16. 
At the lowest level, the main contribution to the positive temperature 
flux is in the wavelength regime from 1 to 4 km, peaking about in the middle 
of the range. The long- and short-wave ends of the cospectra do not contribute 
to the positive flux, but there is some negative temperature (heat) flux in the 
former region. By 700 m the positive temperature flux had not only decreased 
but came from a narrower band of frequencies, with peak contribution from 
wavelengths at 1 to 1.5 km. The secondary peak which was found in the temperature 
cospectra for the 14th did not occur on the 15th. There was also significant 
negative flux at 700 m, all in the long wavelengths. At the topmost level, 
there was essentially only negative temperature flux, as was true also on the 
14th, almost entirely from wavelengths greater than 2 km. 
The cospectrum for moisture and vertical velocity at the 400 m level 
peaked at a wavelength of about 3 km, slightly longer scale than the temperature 
peak in the T, w cospectrum on this day and in the p'v, w' cospectrum on the 
14th. There was also some contribution to the moisture flux from the low 
frequencies. Unlike the situation on 14 July, when the wavelengths between 
1 and 4 km were still the chief contributors to the vertical flux of moisture 
at 700 m, on 15 July, the transition to long-wave control had already taken 
place at this level. 
Also unlike the situation shown for the 14th when the flux of turbulent 
kinetic energy at all levels came from long wave processes, on the 15th the 
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Figure 25. Same as Figure 16 except for data plotted in Figure 19. 
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region from 1 to 4 km was important at the 400 m level, although the long-wave 
flux dominated the energy flux spectra at the two upper levels. 
7. Turbulent Kinetic Energy Balance Equation 
The terms in the turbulent kinetic energy balance equation (1) are plotted 
against height in Fig. 26. As on 14 July, the buoyancy term (B) was the most 
consistent of those measured, although the other terms generally are in at 
least rough agreement between along- and cross-wind runs for each sounding. The 
buoyancy term decreased smoothly with height for both the urban and rural sites. 
At the lowest level, the buoyancy contribution over the city was about twice 
that over the rural site. At the upper levels, the buoyancy source was of 
similar magnitude over both urban and rural surfaces. 
The mechanical source term (M) was generally larger for the urban location 
than for the rural (5 to 8 cm s over the former and 2 to 3 cm3s-2 over the 
latter). Again there was no indication of any routine decrease in M with 
height. In fact there was, on the average, no change with height. 
The transport term shows considerable scatter in height and time. Thus, 
there is no indication of a systematic trend for this day. The eddy dissipation 
term generally reflects the energy input. Dissipation rates were larger over 
the urban area than over the rural area, particularly at the earlier time. 
8. Vertical Heat Flux Balance Equation 
The terms in the vertical heat flux balance equation (3) are plotted in 
Fig. 27. The buoyancy term (B) was fairly similar for both the urban and rural 
locations. However, B tended to increase in magnitude with height over the 
rural site, whereas it remained constant over the city on the first sounding 
and decreased with height on the second set of measurements. As was the case 
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Figure 26. Same as Figure 17 except for 15 July. 
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Figure 27. Same as Figure 18 except for 15 July. 
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on the 14 July transport and mechanical terms were negligible for both times. 
The similarity between the value of the terms in vertical heat flux balance 
equations for the urban and rural sites suggests that the urban surface had 
much smaller effect on the modification of the local temperature structure of 
the PBL on 15 July than on 14 July, although Figs. 7 and 8 indicate that it had 
a significant effect on the airflow. 
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VI. MEAN PROPERTIES OF THE PBL 
The mesoscale kinematic fields shown in Figs. 5-8 are based on the averaged 
winds measured on four pibal releases, spaced 30-min apart. The averaged data 
was used in order to overcome possible distortion of the mean field that transients 
such as those seen in Fig. 9 might introduce. The temporal variations shown in 
Fig. 9 represent perturbation components in the mean field, but with scales on 
the long wave side of the spectrum because of the nature of the measurements 
and the spacing of observations. 
Both the boundary layer profiler and double theodolite data can be used 
to shed light on the evolution of the PBL with time and the characteristics of 
the longer wave perturbations. Exploratory analyses, primarily based on the 
boundary profiler data, are presented in this section. These cover two 
transition (early nocturnal) situations, two convectively active mid-afternoon 
cases and one 22-hour analysis of the urban PBL. 
A. Nocturnal Transition, July 26-27, 1975 
The weather conditions during the day and evening of July 26 were very 
favorable for the development of a significant nocturnal heat island. With 
only thin high cloudiness and light winds, the mid-afternoon temperatures 
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reached around 30°C. The heat island started to increase rapidly around 
1400 CDT, reached its maximum around 2200 and started to decrease very slowly 
shortly after midnight. 
On the night of July 26-27 observations were made between 2020 and 
2320 at the rural station (BP2) and 2100 to 0030 in downtown St. Louis (BP1). 
(Instrument problems forced cancellation of some of the scheduled soundings.) 
The boundary layer winds were light and from the SSE so that the two stations 
were located crosswind with respect to each other. Moreover the upwind 
fetches were homogeneous at both locations, urban for the downtown station and 
rural for the country station. Thus, the measurements should be representative 
of the general locale of the observing station. 
Time-height analyses of temperature at both the urban and rural profiler 
stations are shown in Figure 28. At the country station most of the low-level 
cooling had already occurred by the time the observations started, and a strong 
surface-based inversion existed (Fig. 26b). The top of the inversion was quite 
low, only 100 m above the surface, and increased only slightly in height (25 m) 
during the three hours of observation. The temperature at the top of the inversion 
also was nearly constant during the three hours, varying between 24.3 and 24.7°C, 
but with no evidence of a trend with time. Most of the vertical temperature 
change (80-90%) occurred within the first 25 to 50 m above the surface. The 
region of maximum temperature at the top of the inversion extended through 50 m 
at least, and above that the temperature lapse was roughly neutral. 
The situation in the city was quite different, as one would expect 
(Fig. 28a). The temperature was still high at 2200 CDT and although the rate 
of cooling at the surface was not very different than over the rural surface 
during the common period of observation, the cooling extended through a much 
deeper layer. A surface based isothermal, or very weak inversion, layer was 
Figure 28. Time-height distributions of a) temperature in downtown St. Louis, 
b) temperature at Triad High School, a rural site , and c) temperature 
difference between the two stations, on the night July 26-27, 1975. 
In a) and b) shading indicates inversion or isothermal layers, 
and heavy lines the tops of inversions. Heavy triangles along 
abscissa indicate observation times. 
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very shallow (less than 50 m). The main nocturnal inversion was elevated, and 
delayed, barely forming by 2130. The base of the inversion lowered during the 
observation period from about 175 m to 125 m, while the top remained almost 
constant in height at 200 to 220 m. 
In the city the whole layer from surface to 200 m was stable and 
apparently shared in the nocturnal cooling. In the country, on the other 
hand, the cooling was concentrated below 100 m. From 2200 on the base of 
the elevated inversion in the city lay just about at the height of the top 
of the stable layer in the country. The temperature at the top of the 
inversion was nearly the same as that at the top of the country inversion, 
varying from 23.6 to 24°C, but with an indication of an increasing trend with 
time. 
The urban heat island was very shallow (Fig. 28c). The urban temperature 
excess disappeared above 60 m during the part of the night covered by the 
observations. A 'negative' heat island (i.e., city cooler than country) 
occurred between 75 and 175 m from 2220 on. A comparison of the temperature 
profiles (Fig. 29) indicates that the reversal in the sign of the urban-rural 
temperature difference was related to the fact that the low-level cooling in 
the city extended well beyond the top of the country inversion. Urban-rural 
equivalency in temperature occurred only above the urban stable layer. 
The nocturnal moisture distributions over country and city sites are 
shown in Fig. 30. Well mixed conditions existed downtown, but there was a 
significant vertical gradient in the moisture in the lower 50 m of the rural 
PBL. Initially this gradient was a lapse, but shortly after 2100 a moisture 
inversion developed in the lowest 25 m. A pocket of dry air about 200 m deep 
appeared late in the evening at both locations, slightly later and about 100 m 
Figure 29. Temperature profiles at a station in downtown St. Louis (solid line) 
and at the rural station (Triad) 20 miles to the ENE, at 2300 CDT 
on July 26, 1975. 
Figure 30. Time-height distributions of a) mixing ratio in downtown St. Louis, 
b) mixing ratio at Triad High School, a rural site, and c) difference 
in mixing ratios at the two stations, on the night of July 26-27, 1975. 
In a) and b) heavy lines indicate the tops of moisture inversions. 
Heavy triangles indicate observation times. 
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higher downtown than in the country. At both locations the minimum mixing 
ratio observed was about 9.5 g/kg; however, since it occurred at the last 
observing time at both locations, this may not have been the minimum reached at 
either one. At both locations this dry pocket occurred at the top of the 
nocturnal inversion. 
The urban-rural differences in mixing ratio (Fig. 30c) were negative 
(city dry) only in the lowest 50 m. The magnitude of the urban deficit 
decreased with time and by 2300 the near-surface moisture was slightly greater 
downtown (by 0.6 g/kg) than in the country. This change was no doubt due to 
the loss of moisture from the lowest air layers to the ground in the country 
as the surface cooled down and the air became saturated. In the city, on the 
other hand, the temperature remained so high that even at midnight the surface 
relative humidity was above 60%. 
Above the lowest 50 m, the air downtown was more moist than the country 
air up to about 200 m (slightly higher later in the evening). This more moist 
layer coincided with the layer of relatively cool city air (Fig. 28c), and was 
probably due to the same cause, namely the deeper mixed layer over the city. 
On clear summer nights with low wind speeds, the wind profiles in the 
St. Louis area typically show speed maxima forming in the lowest 200 to 400 m 
around sunset or shortly thereafter, increasing in magnitude and height as the 
evening progresses and frequently splitting into two or three peaks late in 
the evening. The evolution of the wind structure, as indicated by the pibal 
observations (Fig. 31) followed this sequence at all stations. At the rural 
location (Fig. 31a) the 'jetlet' reached 6 mps while at the stations on the 
periphery of the metropolitan area (Figs. 31b and c) the low level speed maxima 
reached 8 to 10 mps, 2 to 4 mps greater than the speed minima just above. The 
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Figure 31. Time-height distributions of wind direction and wind speed on the night 
of July 26-27, 1975, as obtained from double theodolit pibal observa-
tions a) at a rural location 25 miles east of St. Louis (station 70), 
b) at two stations (78 and 44) on the south (upwind) side of the 
metropolitan area and c) at two stations (72 and 74) on the north 
(downwind) side of the metropolitan area. Solid heavy lines 
indicate maxima in the wind speed profiles and dashed heavy lines 
indicate minima. 
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levels of these low level jetlets were generally higher, by several tens of 
meters, at the two downwind metropolitan stations (72 and 74) than at the 
country stations. 
The wind was southerly through the lowest several hundred meters on 
this night, but at about 800 m it veered sharply from south to west. The 
depth of the shear layer was 200 or 300 m early in the night but increased 
(and consequently the magnitude of the shear decreased) as the night progressed. 
This shear could represent concentration of the shift to gradient flow to a 
shallow layer during the afternoon when the mixing distributed the frictional 
dissipation of gradient momentum vertically and the flow to the left of the 
gradient wind was found through the deeper layer. This is indicated also by 
the veering of the wind with time below the shear layer. This veering occurred 
nearly simultaneously through depth at the rural and near rural sites (Stations 
70 and 78) so that a layer of near constant wind direction was maintained. At 
the downwind urban sites, the isogonal analysis indicates a gradual turning of 
the wind with height. 
The profiler data provides a more detailed look at the structure of 
the low-level maximum in wind speed. In Fig. 32 are shown the height-time 
distributions of wind speed at the two profiler sites, with greater height 
exaggeration than in Fig. 31 since the profilers provide much greater height 
resolution. There was a very strong gradient in wind speed off the surface in 
the country (Fig. 32b), with most of the change occurring in the lowest 50 to 
75 m. The low level jetlet was at 200 m at 2030 but dropped rapidly to 125 m 
and remained between 125 and 175 m. Shortly after 2200 a secondary maximum 
formed around 300 m. Both the level and the magnitude of the maximum in the 
speed profile are in good agreement with those in the profiles calculated from 
pibal measurements at the same location (Fig. 31a). 
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The low level vertical gradient in wind speed was much smaller in the 
city than in the country. The surface wind (which was calm in the country) 
was about 2 mps downtown. Although there appears to have been some intermittent 
formation of maxima below 100 m, the primary maxima occurred between 200 and 
and 350 m. There was definitely a double structure to the jetlet from 2130 
on, with the lower maximum around 200 m, and the second about 75 m higher. 
Both increased in height and speed with time and a third maximum formed around 
225 m again at about midnight. The maximum speed increased from under 5 mps to 
a little over 8 mps. 
Blakadar (1957) has shown that nocturnal low level jets and nocturnal 
inversions are related. This relationship existed on this evening even though 
the speed maxima were relatively small. In both the urban and rural boundary 
layers, the layers of speed maxima (shaded in Figure 32) occurred just at the 
top of the nocturnal inversion (highlighted in Fig. 28). 
B. Nocturnal Case, July 25-26, 1975 
The profiler data have also been examined for the night of July 25-26, 
1975. On this night the period of overlapping observations at the two 
profiler stations was considerably longer, extending from 2100 CDT on the 25th 
to 0400 CDT on the 26th. The low level winds were from the east so that the 
upwind fetch at BP2 was rural and air arriving at the downtown site (BP1) 
had passed over several miles of urban-industrial surface. Therefore the 
measurements were again representative of the locale of the observations. 
As will be seen in the following discussion, the boundary layer 
structures of all three variables, temperature, moisture and wind, were very 
similar to that found on the night of July 26. 
Again, a strong surface-based inversion had developed in the country 
by 2100 and continued throughout the night (Fig. 33b). The stable layer 
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Figure 32. Time-height distributions of wind speed on the night of July 26-27, 
as measured by boundary layer profilers a) in downtown St. Louis 
and b) at Triad High School, a rural site. The shaded areas indicate 
regions of maxima and the heavy lines the peak values in the vertical 
profiles. 
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Figure 33. Same as Figure 28 but for night of July 25-26, 1975. 
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deepened from about 125 m early in the evening to about 250 m at 0400. 
Downtown, the main low-level stable layer was a rather shallow inversion at 
around 200 m, lifting about 50 m after midnight (Fig. 33a). The base of the 
elevated inversion was just above the top of the rural inversion. The 
temperatures at the tops of the urban and rural inversion were about the 
same. 
The urban heat island reached a maximum intensity of about 8°C at the 
surface by 2300 and remained within a degree of that for the rest of the night. 
The heat island was less than 100 m in depth (Fig. 33c). A reversal in the 
sign of the urban-rural temperature difference occurred above the low level 
heat island, but not until midnight and the negative heat island did not reach 
any significant magnitude until nearly 0300. The layer of the 'negative heat 
island' was based at about 100 m, or a little higher, and increased in depth 
and magnitude during the early morning hours. The magnitude of the urban 
temperature deficit reached a little over 1°C by the time the observations 
ended at 0400. As on July 26-27 this reversal of temperature difference was 
a consequence of the mixing in the city and thus a sharing of the surface heat 
loss through a deeper layer in the city than in the country. 
The urban and rural moisture distributions on the night of July 25-26 
(Fig. 34) were also similar to those observed on the night of July 26-27. 
The lowest 500 m were very well mixed downtown and little change occurred 
during the night except for the development of a weak moisture inversion at 
around 25 m above ground after 0100. In the country, there was a strong 
moisture gradient near the surface and a low level moisture inversion at 
about 25 m from 2120 on, which increased in strength as the night wore on. 
Whereas the surface mixing ratio remained between 10 and 10.7 gm/kg in the 
city it decreased from 11.9 to 9.1 in the country. Thus in the early morning 
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Figure 34. Same as Figure 30 but for night of July 25-26, 1975. 
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hours the surface air was more moist downtown than in the country. Above 
50 m, the boundary layer was fairly well mixed at both locations. 
A dry pocket appeared about 200 m at both locations on this evening 
(slightly later in the city). The minimum mixing ratio was 0.5 g/kg lower 
in the city than in the country. This dry pocket could have been due to 
advection at both locations although it is unlikely that the air over the 
rural site (BP1) could have been the same that appeared downtown in St. Louis 
within the hour. Moreover the occurrence of these dry pockets around midnight 
on both nights would suggest that they are due to local effects rather than 
due to advection. 
Between 100 and 200 m the urban moisture deficit decreased with time, 
and the urban-rural difference in moisture became positive in the early 
morning (Fig. 34c). However on this evening the city remained drier than 
the country until well after midnight, both at the surface and in this 
elevated layer, and the urban moisture excess aloft was quite small. 
Low level wind speed maxima also occurred on this evening, extending 
into the early morning hours (Fig. 35). In the country a single jetlet was 
well established by shortly after sunset and continued at a height of about 
125 to 150 m throughout the night. The maximum wind speed however occurred 
in the middle of the night and had started to decrease by the morning hours. 
Multiple low level maxima in wind speed occurred in downtown St. Louis. The 
main layer of maximum speed was based between 200 and 250 m with considerable 
variation in height with time. The maximum speed was observed early in the 
night rather than in the middle, and was slightly higher than the maximum 
value in the country. However, it then decreased so that by the morning hours 
the maximum speeds in the country and city were about the same. 
Figure 35. Same as Figure 32, except for night of July 25-26, 1975. 
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The base of the layer of high winds occurred just above the top of the 
inversion during most of the night in the city. However, this was the case 
only until shortly after 0200 in the country, at which time the inversion 
started to deepen significantly but the height of the main maximum in wind 
speed remained fairly constant. 
C. Midday Observations, July 15, 1975 
The time height cross-sections for temperature, mixing ratio and wind 
speed are shown in Figs. 36, 37, and 38, respectively, for July 15, the second 
of the case studies discussed in Section V. 
The temperature at the rural site increased at a nearly uniform rate at 
all levels below 600 m, reached maxima at about 1500 CDT, and maintained near 
constancy from then until about 1630 CDT (Fig. 36b). Although equipment 
problems delayed the start of the measurements at the downtown site until after 
1400 CDT, it can be seen from Fig. 36a, that the maximum temperatures were 
not reached in lower PBL over the city until a little after they had occurred 
in the country, particularly above 300 m. More importantly, there was a 
significant oscillation in temperature over the city, with period of slightly 
more than an hour. The differences between the urban and rural values at 
fixed time and height are shown in Fig. 36c. The pattern parallels that of the 
downtown temperature pattern because of the nearly steady temperature at the 
rural location in the late afternoon. The average aircraft temperatures given 
in italics for time and height shown by the + sign suggest that the downtown 
temperature may have been in error by nearly 1°C. (Note that the airplane temperature 
was an average over space and time, while the profiler measurement was basically 
for one point in time and space.) If this is accepted as an error and is taken 
into account, then the maximum urban departure was about 1°C, occurred between 
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Figure 36. Same as Figure 28, except for afternoon of July 15 
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Figure 37. Same as Figure 30, but for the afternoon of July 15 
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Figure 38. Same as Figure 32 but for afternoon of July 15. 
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200 and 300 m, and was associated with the temperature wave above the city 
site. The city PBL was, on the whole, slightly warmer than the country PBL 
throughout the afternoon, in the layer measured. 
The moisture content was much less stable than the temperature in the 
country as well as in the city (Fig. 37). A major oscillation with a period 
of about 3 hours occurred in moisture during the afternoon. The pattern was 
more complex below 200 m. This could be a symptom of one or morecauses, e.g., 
a) a shallow perturbation may have been imposed on the longer-wave one 
dominating the upper levels of the cross-section, b) frictional erosion of the 
long wave pattern at the lower levels, c) a short wave, low level phenomenon, 
which 'consolidated' above the surface layers. The oscillation was obviously 
due to a mesoscale phenomenon since the downward incursion of dry air late in 
the afternoon occurred over the city as well as the country. The maximum 
difference between the moisture in the urban and rural PBLs occurred in the 
dry air, and amounted to about 1 g/kg, if the profiler measurements are 'corrected' 
to fit the aircraft measurement. With this correction applied, little difference 
in moisture content (less than .5 g/kg) appears elsewhere. 
The winds also were perturbed at both sites, although there is less 
similarity between the patterns at the urban and rural sites than there was 
in the case for the moisture patterns. Although there are some points of 
similarity between the variations in mixing ratio and in wind speed, they are 
not consistent at the two sites. Somewhat surprisingly a maximum in speed 
(shown by heavy line in the figure) occurred at a lower level over the city 
than over the country and even with corrections applied, as indicated by the 
aircraft data, the city winds were often stronger than the country winds in 
the PBL. 
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D. Midday Pattern, July 21, 1975 
A cold front had passed through the St. Louis area on 20 July, and on 
the afternoon of 21 July the area was under the influence of a shallow, cool, 
high pressure area. The research area was on the east and south side of the 
high pressure center at the surface and on the extreme east side of the high 
pressure ridge at the upper level. As the cool dome drifted southward, the 
upper levels increasingly reflected dry subsiding air. By the afternoon, the 
subsidence inversion, with very dry air aloft, was located at about 860 mb, 
(about 1500 m). This put a "lid" on the convection and on the mixing depth 
and low clouds were limited to scattered, thin, fair weather cumulus. However, 
there was about 0.5 coverage of high level cirrus early in the afternoon which 
increased to nearly overcast by early evening. 
The winds were northerly, coming around to NNW late in the day. Thus, 
the upwind fetch for the two profiler sites had characteristics similar to the 
local surface and may be considered to represent urban and agricultural conditions. 
The time height distribution of temperature is shown in Fig. 39. Over the 
country the initial rapid increase in temperature slowed significantly by about 
1330 CDT (1230 sun time) and in the lower levels the temperature was almost 
steady from about 1400 CDT until 1600 or 1630. The temperature in the lower 
600 meters over the city, followed a similar pattern, but the maximum temperature 
was reached slightly earlier than in the country. However, cooling at the 
downtown site started significantly earlier in the city, which is quite unusual. 
The temperature pattern over the city also does not show as disturbed a character 
as it did on 15 July. However, the temperature pattern over the city was 
obviously more disturbed than that over the country station, particularly 
above 300 meters. 
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Figure 39. Same as Figure 28 except for afternoon of 21 July, 1975. 
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The aircraft measurements indicated by italics at the small plus signs 
in Fig. 39, are consistent with the profiler measurements, at least within one 
half degree. Thus, the urban-rural temperature difference, shown in Fig. 37c, 
is probably valid. The midday heat island was significantly greater than is 
usually the case. There was a gradual decrease throughout the afternoon in 
the magnitude of the heat island, a continuation of the decrease in strength 
from a maximum commonly found during the night. This decrease continued on 
until 1700, a time when the heat island is usually intensified because of the 
rapid rate of cooling in the country (Hilberg, 1978). 
The moisture distribution shown in Fig. 40 shows much more disturbed 
characteristics than did the temperature, as had been found on 15 July also. 
Again there was a sign of a larger scale perturbation, although the period of 
the oscillation appears to have been somewhat shorter than it was on July 15, 
particularly over the downtown area. The urban area was obviously more 
disturbed than was the rural area, and there is strong evidence of greater 
mixing, more uniform moisture through depth, particularly after 1500 CDT. 
Although the perturbations at the 2 sites seems to have similar characteristics, 
there is a phase shift with the moist area at the rural site occurring approximately 
45 min earlier than at the downtown or city site. The aircraft measurements 
suggest that the moisture measurement at the city site may have been high, by 
almost 2 g/kg. Thus, the urban-rural differences shown in Fig. 40c may be too 
small in magnitude. Thus urban-rural differences as great as 4 g/kg may have 
occurred in the lower layers between 1300 and 1400 CDT, when there is evidence 
of downward incursion of dry air at the city site at about the same time that 
there was an upward trend of high mixing ratio in the country. The urban-rural 
moisture difference (urban moisture deficit) shows a decrease with time 
from the maximum at about 1400 CDT. 
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Figure 40. Same as Figure 30, except for afternoon of 21 July. 
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The time-height distribution of wind speed (Fig. 41) indicates more 
disturbed conditions than was the case for the thermodynamic parameters, as 
well as more disturbed conditions than occurred on 15 July. The winds were 
significantly stronger at the downtown site than they were at the rural site, 
reaching 4 to 6 m/sec at limited times and heights. Also the range in speed 
was much greater than over the country, a consequence of the more disturbed 
condition over the city. There is some similarity in the wind speed and the 
temperature perturbations at the rural site (e.g., lower wind speeds and moister 
conditions; stronger speeds in the vicinity of dry conditions around 1600). The 
relationship, if any, between wind speed and moisture at the city, however, 
is not easily detected. The urban-rural difference in speed (Fig. 41c) shows 
that the urban speed was higher than the country speed throughout the lowest 
1600 meters. The maximum difference (urban excess) occurred around 1500 CDT. 
E. Evolution of the Urban Boundary Layer, July 28-29 
In Fig. 42 are shown the time-height distributions of mixing ratio, 
temperature, and wind speed at station BP1, in the city, over a 22 hour period. 
A cold front passed through St. Louis early on the morning of 28 July 
reaching the southern border of Illinois by the early morning of 29 July. 
Aloft the research area was on the extreme east side of the ridge associated with 
the surface high pressure area. The subsidence inversion, with dry air above, 
was between 800 and 850 mb by the start of the observations at 1700 CDT. The 
winds were northeasterly during the evening of 28 July, but veered during the 
night and by the afternoon of 29 July they were from the southeast. 
There were widely scattered low level cumuli on the afternoon of 28 July, 
but it was clear during the nighttime hours. Cloud cover began to pick up 
again around 1300 CDT, with a few tenths cumulus and occasional high-level cirrus. 
Conditions on 29 July were generally very hazy. 
-94-
Figure 41. Same as Figure 32 except for afternoon of 21 July. 
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Figure 42. Time-height distribution of a) mixing ratio, b) temperature, and 
c) wind speed, at the city profile station, on July 28 and 29, 1975. 
-96-
The time-height distribution of temperature (Fig. 42b) neatly shows the 
diurnal cooling from 1700 CDT to shortly after midnight and the morning 
warming from about sunrise until early afternoon, as well as the usual lapse 
of temperature during the sunlit hours. The distribution during the nighttime 
hours is similar to that seen in the two nocturnal cases discussed above. As 
on all nights that have been examined there are multiple inversions (shown 
by heavy lines) with one close to the surface and one or more elevated. 
Obviously the roughness of the city is adequate to prevent a strong inversion 
from forming and during the nocturnal hours on this day there was nearly an 
isothermal condition from the surface to almost 600 meters. 
The moisture distribution also is very irregular, with very large 
mixing ratios. The strong lapse of moisture at about 0300 CDT suggests an 
incursion of dry air from above, however there is not the indication of a 
longer-scale perturbation in these data that there was on the 2 afternoon 
cases discussed above. 
Figure 42c shows an overall decrease in wind speed from about 6 or 7 m/sec 
in late afternoon to low values of 3 m/sec or less during the nocturnal hours 
and than again an increase as the air warms. Maxima in the wind speed profile 
(shown by heavy lines) were observed at several levels, particularly during the 
night, paralleling the multiple inversions that are found in the temperature 
distribution. The "jetlet" commonly occurred just at the top of the inversion 
surfaces which are seen in Fig. 42b. During the second afternoon, the jetlet 
formation tended to sustain itself at around one hundred meters even during 
the afternoon, although it was a very minor feature. 
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VII. PROJECTED RESEARCH PLANS 
Despite the problems and delays introduced by the data problems which 
have been described in Section IV, the work has progressed almost to the point 
which had been programmed for the end of the first year of work. This was possible 
because of support provided by the State of Illinois for part of the effort of 
the principal investigator. This increased her time on the research, and as 
well, extended the period over which grant funds were available. A proposal 
has been submitted to the National Science Foundation for funds to continue 
the research and reach the objectives originally proposed. 
The research to date indicates that the objectives and tasks which have 
been outlined in Section II are achievable with the data set. Since the analyses 
so far have not indicated a change in the major thrust, the continuation of 
this work and completion of the original work plan is expected to proceed, in 
general, as it has already been described. 
First priority will be given to completion of the case studies of the flux 
missions. This is to include the integration of the mean data (synoptic and 
mesoscale) as has been indicated in the description of the case studies for 
14 and 15 July. Following the analyses of the individual missions the results 
will be integrated and composited so as to derive a quantitative empirical model 
of the structure of the urban and rural PBL and of the turbulent transfers that 
take place. 
Simultaneously the analyses of the mapping missions will get underway 
to delineate the spatial distributions of both mean and fluctuation quantities 
over the entire meso-region. Spatial variations in the basic fields as well 
as in the derived fields calculated from the basic measurements will be related 
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to local surface and atmospheric condition, e.g., the physical character of 
the underlying surface, topography, surface skin temperature, cloudiness, etc. 
Work has been initiated on this activity to the extent that the airplane 
tracks have been reconstructed, and the computer programs necessary for making 
the calculations have been written, although not completely debugged, since 
very little data have been processed with it. 
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APPENDIX 
TIME SERIES OF TURBULENT PROPERTIES IN THE PBL 
14 AND 15 JULY 1975 
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Figure 43. Same as Figure 10, but for perpendicular headings. • 
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Figure 44. Same as Figure 10, but for early city series on 14 July. 
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Figure 45. Same as Figure 10, but for early country series on 14 July. 
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Figure 46. Same as Figure 19, but for along-wind tracks of the late 
country series. 
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Figure 47. Same as Figure 46 but for perpendicular tracks. 
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Figure 48. Same as Figure 19, but for along-wind tracks on late city series. 
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Figure 49. Same as Figure 48, but for perpendicular tracks. 
